ABSTRACT. The disposal of untreated dairy wastewater in Hawaii is
bic processes (Andrews and Graef, 1971; Parkin and Owen, 1986; Manariotis and Grigoropoulos, 2003) , bioremediation (Dubeski et al., 2001; Shah et al., 2002; Prochaska and Zouboulis, 2003) have performed well. However, each has several disadvantages: They are either costly, require regular maintenance, require large areas of land, or require the wastewater to be pre-treated.
Despite a large amount of research on treating dairy wastewater using different methods, only limited research has been undertaken on systems that use soil as a remediation medium. The system tested in this study, the Multi-SoilLayer (MSL) system has been used to process domestic wastewater in Japan (Wakatsuki et al., 1993) . This technology uses untreated soil in the unit to facilitate wastewater treatment (Wakatsuki et al., 1993) . The MSL system is inexpensive to build and needs very little maintenance. The estimated system lifetime is between 10 to 15 years (Attanandana et al., 2000; Luanmanee et al., 2001) . The system enhances and extends the physical, chemical, and biological cleansing properties of soil in a confined, concentrated unit, consisting of blocks of soil mixture, alternating with zeolite or perlite inter-layers. The efficiency of the MSL system in purifying wastewater depends on the relative distribution of aerobic and anaerobic conditions (Wakatsuki et al., 1993; Attanandana et al., 2000) . The zeolite or perlite layer provides aerobic conditions and the saturated soil mixture blocks provide anaerobic conditions. In the anaerobic zone of the soil mixture block, nitrate is denitrified and lost as nitrous oxide and nitrogen gas. In addition, ferric iron is reduced to the more mobile ferrous iron, which moves out of the anaerobic zone and precipitates in the aerobic zone (Wakatsuki et al., 1993) . Aerobic conditions enhance nitrification, oxidation, and precipitation of mobile ferrous iron to ferric iron with high surface area, enhancing phosphorus sorption (Wakatsuki et al., 1993) . The MSL D systems reduce both inorganic contaminants, such as nitrate, ammonium, and phosphate, as well as organic contaminants as measured by chemical oxygen demand (COD) and biological oxygen demand (BOD 5 ) (Wakatsuki et al., 1993) .
Various studies have been done to improve the performance of MSL systems in wastewater treatment. Wakatsuki et al. (1993) examined an on-site domestic wastewater treatment system using the MSL method and during one year of operation found the removal rates of BOD 5 , COD, Total N, and Total P(TP) to be 84.5%, 72.5%, 88.9%, and 87.5%, respectively. Luanmanee et al. (2001) further investigated the effect of aeration on the efficiency of the same system after it had been in use continuously for 10 years. They found the system was still effective at removing BOD 5 and TP. In the tenth year of operation, the removal rates of BOD 5 and TP were up to 95.2 ± 3.8 and 82.9% ± 11.9%, respectively. Sato et al. (2005) investigated the characteristics of the treatment processes inside the MSL system using a laboratory-scale MSL system. They found that the treatment processes in the MSL system were different for the COD, P, and N in different layers. The removal rate of COD was 80% in the first layer and increased with the downward movement of water and reached 90% removal rate at the last layer. The P concentration was lower in the soil mixture layers and slowly decreased in the lower layers of the system. Nitrification occurred in the upper part of the system and denitrification occurred mainly in the soil mixture layers.
The MSL systems have also been established in Thailand to treat wastewater from a cafeteria (Attanandana et al., 2000) . The system works well under both temperate and tropical conditions (Luanmanee et al., 2002) . However, to date, no MSL systems have been tested or adapted for the remediation of dairy effluent. The objectives of this study were to a) test the effectiveness of the MSL systems in removing inorganic N and phosphate from dairy effluent and b) explore ways to increase MSL efficiency in phosphate removal.
MATERIALS AND METHODS

SITE DESCRIPTION
The experimental site was located in Waianae, on the west shore of the island of O'ahu, Hawaii. The experiment was conducted using dairy effluent from the lagoon of an effluent waste management system. Average maximum and minimum daily temperatures of the area are 28°C and 16°C (83°F and 61°F) (Hobo Weather Station, 2001 . Average annual precipitation was between 50 and 190 cm (20 and 75 in.) . The maximum and minimum solar radiation was 13,000 and 8,000 W m -2 (Hobo Weather Station, 2001 , data further processed by Ref-ET). Average sunshine was 70%.
EXPERIMENTAL DESIGN
Four MSL systems were constructed comprising two treatments each with two replications. One treatment consisted of aerobic layers of Perlite and anaerobic layers of soil mixture blocks that included the Honouliuli soil (fine, kaolinitic, isohyperthermic Typic Chromustert). The other treatment consisted of aerobic layers of the Leilehua soil (very fine, mixed, isothermic Humic Rhodic Kandiudox) and the similar anaerobic layers of soil mixture blocks that included the Honouliuli soil. The units were arranged in a completely randomized design (CRD).
STRUCTURE AND COMPONENTS OF LEILEHUA AND PERLITE MSL SYSTEMS
The four MSL systems were each within columns of High Definition Poly Ethylene (HDPE) corrugated sewage pipes with 0.4572-m interior diameter by 1-m height with a cross-sectional area of approximately 0.1648 m 2 ( fig. 1 ). The bottoms of the pipes were sealed with plastic bases. A layer of gravel (≈5 cm) was placed at the bottom to retain the column and allowed the treated effluent to flow into the bottom of the column. A 25.4-mm PVC pipe was installed at the base of each of the upright HDPE pipe to permit the discharge of the treated effluent from the bottom of the column. Each system used seven alternating layers of soil mixture blocks (anaerobic layers) and eight layers of screened soil or Perlite (aerobic layers) ( fig. 1) . The physical and chemical properties of both the Leilehua and Honouliuli soil series are given in tables 1 and 2. An aeration pipe ( fig. 1 ) was installed in between the ninth and tenth layer (≈50 cm from the bottom) of the system for the infusion of aeration as needed. Effluent was applied through an array of four emitters ( fig. 1 ) designed to apply effluent in drip irrigation systems, placed on the top of the aerobic and anaerobic layers. The arrays were placed on the surface of the uppermost aerobic layer and connected to a 0.0254-m diameter PVC pipe through which the filtered but untreated effluent was pumped to the systems in a nearly continuous manner. Each emitter was designed to deliver 80 L of effluent per day.
OPERATING CONDITIONS
Before discharging into the MSL systems, the effluent was filtered with a 0.0254-m plastic disc filter (140 mesh) to remove the large particles. The effluent was discharged to the MSL system at a rate of 80 L d -1 , which is equivalent to a hydraulic loading rate of 505 L m -2 d -1 . The retention time of the effluent in the MSL system during this period was about 48 h.
The effluent and MSL-treated effluent were sampled every week. Before storing, each sample was filtered through Whatman No. 42 filter paper to remove particulate matter.
LABORATORY ANALYSIS
Samples were analyzed for ammonia nitrogen (NH 4 + -N), nitrate nitrogen (NO 3 --N), and inorganic phosphate. Ammonia nitrogen was determined using the salicylate method (Mulvaney, 1996a) . Nitrate nitrogen determination was carried out using the cadmium reduction method (Mulvaney, 1996b) . Total effluent nitrogen typically consisted of about 98% ammonium and about 1% nitrate. Therefore the total inorganic nitrogen (Inorganic N) was approximated as the summation of NH 4 -N and NO 3 -N. Inorganic phosphate was determined using the ascorbic acid method (Kuo, 1996) .
STATISTICAL ANALYSIS
The percentage removal of inorganic N and phosphate between the Leilehua and Perlite MSL systems were compared using Sigma Plot version 9 (Sigma Plot, 2004) . Data were also analyzed using the PROC MIXED procedure in SAS (2004) Guo and Yost (1998) . Table 3 . Dairy effluent used in the experiment, in comparison with data from other dairy lagoons in Hawaii.
TN [c] NH 4 -N NO 3-N TP [d] IP [e] Source pH (μg mL -1 ) [f] Analysis of lagoon effluents from various nutrient streams (Fukumoto et al., 1995) .
[g] Valenica-Gica et al. (2004) .
and phosphate based on the repeated measures model (autoregressive covariance structure) (Littell et al, 1996; Littell et al, 1998; SAS, 2004) . Treatment means were calculated using the SAS feature of Least Squares Means (lsmeans), which are adjusted for unbalanced treatment and replication effects.
RESULTS AND DISCUSSION
CHARACTERISTICS OF DAIRY EFFLUENT
An analysis of the dairy effluent gave the results (table 3) in this experiment with a comparison with other dairy wastewaters (Fukumoto et al., 1995; Valencia-Gica et al., 2004) . The concentrations of total N, NH 4 + -N, and NO 3 --N were lower in the effluent applied in this experiment than in the other dairy wastewaters. This might be a result of using effluent from the third and last settling lagoon of the system, which is much more diluted than effluent from the first lagoon.
REMOVAL OF INORGANIC NITROGEN
The effectiveness of the MSL systems in removing inorganic N was compared over a 6-month period (5 May to 5 Oct.) ( fig. 2) 2 ). It appears from the result that the two MSL systems were equally effective in removal of inorganic N. In contrast, the percentage removal of inorganic N was significantly different over time for both the MSL systems (P < 0.0001) (table 4). The percentage removal was high (>90%) in the beginning and then decreased over time ( fig. 2) . Almost all the nitrogen in the lagoon effluent comes to the system in the form of ammonium (table 3) . Ammonium is nitrified to nitrate in the aerobic zone of the systems (Wakatsuki et al., 1993; Attanandana et al., 2000) . The nitrate then is transformed to gaseous nitrogen (N 2 ) in the anaerobic zone and, in the process, inorganic N is removed from the effluent and leaves the MSL system as a gas. We hypothesized that the decrease in percentage removal seen during the first few months might be due to the reduced aeration in the aerobic layer or decreased microorganism-available carbon in the anaerobic layer which can be tested by adding supplemental aeration and sucrose (as carbon source) in the MSL systems. There were some interruptions in effluent delivery during the period of 5 May to 5 October. The sudden decrease in removal of inorganic N that appears in figure 2 seems to be related to these interruptions. There was a 2-day interruption before the sampling on 7 June (see label 2D), a three-day interruption on 30 June (see 3D), a 6-day interruption on 26 July (see 6D), an 8-day interruption on 29 August (8D) , and a 12-day interruption on 22 September 2005 (12D) (fig. 2) . The percentage removal of inorganic N decreased sharply after each interruption in effluent delivery ( fig. 2 ). This outcome might be because the lack of effluent inside the system during the interruption allowed the system to dry and become aerobic. Denitrifying bacteria become inactive in aerobic conditions (Golterman, 1985) . Therefore, the lack of effluent was expected to limit the denitrification process, thus reducing the removal of nitrogen. The percentage removal of inorganic N increased after the effluent delivery resumed ( fig. 2) . Furthermore, it appears that once there was an interruption in effluent delivery, it would take several days for the systems to regain the efficiency in removing inorganic N. Although the MSL systems received effluent continuously from 13-20 October 2005, the efficiency of the systems in removing inorganic N remained low ( fig. 2) . The decreased percentage of inorganic N removal in this period (13-20 Oct. 2005 ) might be associated with the effect of the long interruption of one week before the system started operating again.
The non-significant treatment interaction indicates that the MSL systems behaved similarly in percentage removal of inorganic N (P > 0.1) (table 4).
REMOVAL OF PHOSPHATE
The effectiveness of the two types of MSL systems in removal of phosphate was also compared for the six-month period of 5 May to 5 October ( fig. 3 ).
There was a significant difference in percentage removal of phosphate between the MSL systems (P < 0.05) (table 5), with the Leilehua MSL system being more effective than the Perlite MSL system. The percentage removal of phosphate by the Leilehua MSL system (64% to 99%) (lsmean of 92.70) was greater than the Perlite MSL system (9% to 97%) (lsmean of 59.41) ( fig. 3 ). This was probably because the high capacity of the Leilehua series soil to adsorb phosphate (1600 mg P g -1 soil) (fig. 4) . The Leilehua series soil contains a large amount of iron oxide (table 2) , which is present in the ferric oxidation state with aeration and sorbs phosphate from the effluent (Wakatsuki et al., 1993; Attanandana et al., 2000) . In case of the Perlite MSL system the ferric iron (Fe 3+ ) is expected to be reduced to ferrous iron (Fe 2+ ) in the anaerobic layer and then transported by the effluent to the aerobic layer where it is then oxidized to ferric iron in the aerobic layer and, consequently, precipitates phosphate from effluent (Wakatsuki et al., 1993; Attanandana et al., 2000) . This is the primary mechanism for phosphate removal by the Perlite MSL system.
There was a significant decrease in percentage removal of phosphate over time (P < 0.001) ( interaction indicates that the percentage removal of phosphate in the Perlite MSL system decreased at a faster rate than the Leilehua MSL system (P < 0.1) ( fig. 3 ). This might be because of the long interruptions in delivery of effluent before sampling on 15 September and 6 October 2005. The decrease in removal of phosphate by the Perlite MSL system was more rapid with time ( fig. 3 ). The decrease in phosphate removal by the Perlite MSL system might be a result of decreased microorganism-available carbon in the anaerobic layer. The organic matter provided in the initial phase a carbon source for the microorganism-mediated chemical reduction of iron. The sawdust was insufficient to maintain microbial activity and thus inadequate to maintain chemical reducing conditions in the soil blocks. Hence, a decrease in soluble carbon in the anaerobic layer is thought to decrease ferric iron availability in the aerobic layer. As a result, the phosphate fixation capacity of the aerobic phase of the Perlite MSL system decreased, resulting in less removal of phosphate. In other words, the Perlite system appeared much more dependent on obtaining anaerobic conditions in order to effectively remove phosphate than the Leilehua MSL system.
COMPARISON OF THE MSL SYSTEMS
The removal rate of inorganic N and phosphate for a 6-month period of experiment in our study for the Leilehua MSL systems was 22% to 93% and 64% to 99%, respectively, and that of the Perlite MSL system was 21% to 96% and 9% to 97%, respectively. The total N and total P removal in the MSL system in Matsue City, Japan (Wakatsuki et al., 1993) during the first year of operation were 88.9% and 87.5%, respectively. If we compare our with the MSL system in Japan, the percentage removal of inorganic N and phosphate were similar. Although the primary mechanism in removing N and P by the MSL systems in the two investigations was the same, the structure of the system, the materials used in the system and the application rate of wastewater were different. One of the reasons we have tested an MSL system with the Leilehua soil as the aerobic phase has been our consideration of the longevity of the MSL system. With the extremely high sorption capacity of the Leilehua soil we are sure to obtain a much longer effectiveness of the system than with the conventional material, such as the Perlite or analogous material.
USE OF MSL-TREATED EFFLUENT
Options for the use of MSL-treated effluent depend a great deal on the quality of the resulting effluent. An MSL system needs to be part of a comprehensive design that ensures a near constant flow of effluent and, therefore, a near costant use of the treated effluent. As indicated below tests of the quality of the treated effluent indicates that it nearly meets the R1 designation. The R1 designation suggests that the water can be used for irrigation without restriction. Nonetheless, a well-designed irrigation system is likely to be a necessary component to some MSL systems. A comprehensive design of an MSL for swine producers, for example, might store the water and replace drinking water for the initial flushing and cleaning of pens.
The Hawaii State Department of Health has three different categories of recycled water: R1, R2, and R3, which are listed in table 6 with specific criteria (Hawaii State Department of Health, 2002) . The average concentration of NO 3 --N and phosphate in MSL-treated effluent of our study is also given in table 7 for comparison. The untreated effluent in our study would be considered R-3 water. Improvements in efficiency of the type of MSL systems examined and proposed in this [a] Wastewater in which the organic matter has been stabilized. [b] The passing of wastewater through natural undisturbed soils or filter media such as sand. [c] The destruction, inactivation, or removal of pathogenic microorganisms by chemical, physical, or biological means. Disinfection may be accomplished by chlorination, ozonisation, other chemical disinfectants, UV radiation, membrane processes, or other processes. [a] Mean ± SD, n = 21. study were sufficient to meet both the nitrate and phosphate criteria. The levels of coliform bacteria (data not presented in this manuscript), were usually less than the 200 per 100 mL indicated for the R2 criteria and sometimes less than the R1 standard. Likely an additional treatment such as a UV treatment will be needed to ensure target quality for R1 water.
CONCLUSION
Dairy effluent disposal has been a serious problem in Hawaii and many island dairies. Accumulating and storing dairy effluent in lagoons has been problematic for both economic and environmental reasons. The dairy effluent from overflowing lagoons can pollute surface, subsurface, and coastal water with high concentrations of N and P. Alternative methods are needed to decrease the excessive nutrients and pathogens from dairy effluent, which would reduce the risk of environmental pollution and can be developed as a more sustainable and environment-friendly dairy production system. The present study tested MSL systems as a strategy to manage and remove high concentrations of inorganic N and phosphate from dairy effluent.
Results of this study indicate that the removal percentage of inorganic N from dairy effluent was similarly effective in both the Leilehua and Perlite MSL systems. The rate of removal in effluent application decreased over time. We hypothesized the decrease might be due to inadequate aeration in the aerobic layer or decreased microorganismavailable carbon in the anaerobic layer. The Leilehua MSL system was considerably more effective in removing phosphate than the Perlite MSL system. This was probably because of the high sorption capacity of the Leilehua soil in the Leilehua MSL system which adsorbs and precipitates phosphate from the effluent. The removal of phosphate was significantly decreased over time by the Perlite MSL system. We hypothesized that the decrease in removal of phosphate by the Perlite system might be a result of decreased microorganism-available carbon in the anaerobic layer.
The present research showed that both the MSL systems have the potential to remediate inorganic N and phosphate from the dairy effluent. The installation of MSL systems is simple and basically requires only electricity, freshwater, a constant supply of effluent and a very small amount of land. The materials used in the system are inexpensive and easily obtainable. The MSL-treated effluent approaches R-1 water criteria, with improvements in nitrate and phosphate removal still needed. Further studies, such as supplemental aeration and sucrose (as carbon) application, are needed to increase the removal efficiency and consistency of the MSL systems. We believe that MSL systems have broader applicability due to two properties: 1) the systems are flexible in removing both nitrate and ammonium forms of N, and 2) the extent of cleanup is excellent, suggesting that the units could be adapted for a wide range of agricultural applications and likely in the future to the clean-up of even human waste liquid. Current systems are operating in Japan in cleaning up domestic waste.
